Species with fragmented populations and low population size often display low within-population genetic diversity and strong among-population differentiation. Laurus nobilis L. (Lauraceae), common laurel, has a scattered distribution throughout the Mediterranean, with only few autochthonous populations. Our goal was to elucidate if this species has range-wide genetic structure and if planted material can be traced back to its origin. Genetic diversity was investigated using 4 polymorphic nuclear microsatellites (nSSR) transferred from two species of Lauraceae. Sixty-six laurel trees were selected from 7 widely separated populations within the Mediterranean distribution area of the species. A total of 34 alleles (9 alleles per locus on average) were found. Mean genetic diversity within-population (H s ), was 0.558. Genetic differentiation among populations (G ST = 0.243) was high compared to that of other angiosperms. Laurus nobilis can be separated into two main gene pools, one from western (Tunisia, Algeria and France) and the other from eastern Mediterranean (Turkey). The Algerian, Tunisian and French populations presented a strong genetic similarity, compatible with the fact that North African laurel populations could be recently introduced from north-western Mediterranean stock.
Introduction
Laurus nobilis L. (family Lauraceae) is an evergreen tree or shrub commonly known as laurel, bay laurel or sweet bay. These vernacular names denote its most common usage, traditional cooking. In many Mediterranean countries, leaves collected from both cultivated and wild specimens are used for flavoring and as a spice for marinating and pickling foods. Since antiquity, bay leaves have also been used for medicinal purposes in the Mediterranean. The Greeks and Romans used them to treat digestive disorders or viral infections (SAYAH et al., 2002) . Recently, their pharmacological properties were confirmed. They include anti-bacterial, anti-fungal, antidiabetes, anti-oxidative and anti-inflammatory effects (MATSUDA et al., 2002; FANG et al., 2005) .
Lauraceae are one of the basal angiosperm families with fossils dating back to 100 million years ago (QIU et al., 1999) . The genus Laurus is considered as an ancient element of the Tertiary laurifolius flora (QUÉZEL and MÉDAIL, 2003) made of angiosperms (mostly Lauraceae) with large, thick evergreen leaves, which dominated the late Tertiary flora (Miocene and Pliocene, ca. 24 million years). This flora has now almost vanished from the Mediterranean and, except in the Azores, Madeira and the Canary Islands (Macaronesian islands), can only be found in restricted areas under humid and warm climates. Although L. nobilis was initially described using material from Italy and Greece by LINNAEUS (1753) , it is considered native only to Turkey (Anatolia) and the Balkan Peninsula by PECH and BRUNETON (1982) , based on the species alkaloid contents. It is considered as introduced elsewhere in the Mediterranean Basin (BAR- BERO and QUÉZEL, 1994) .
Using AFLP markers, ARROYO-GARCIA et al. (2001) analyzed genetic similarities among different populations of laurel located in the Macaronesian islands, Spain, Italy and France. They separated laurel samples into two distinct groups, one containing samples from Italy and France and the other samples from the Iberian Peninsula and the Macaronesian islands. This indicates that the Pyrenees acted as a strong natural geographic barrier against gene flow during the Pleistocene and that laurel from Spain is more related to laurel in the Macaronesian islands (Laurus azorica (Seub) Franco) than to L. nobilis. A more recent analysis, using chloroplast DNA and populations distributed across the entire Mediterranean Basin, confirmed the existence of separate lineages and challenges the existence of two separate Laurus taxa in the Mediterranean (RODRIGUEZ-SANCHEZ et al., 2009) .
In this paper, we optimized and used nuclear microsatellite DNA markers (nSSRs) to study the rangewide genetic structure of Laurus nobilis in the Mediterranean Basin. Microsatellites are a form of repetitive DNA first discovered in the early 1980s which have since been recognized as powerful genetic markers for population genetic and phylogeographic studies, combining the useful properties of high mutation rates, co-dominant inheritance when carried by the nuclear genome, and high reproducibility (JARNE and LAGODA, 1996) . We addressed the following questions: -Are L. nobilis populations closely related across their range (due to human dispersal along trade routes) or are they clearly differentiated, as might be expected from their animal-mediated propagule dispersion, 
Materials and Methods

Plant material
Leaves were sampled from 4-15 Laurus nobilis trees in each of seven populations, including two natural Turkish populations, one cultivated Algerian population, one northern Tunisian population (three natural and 12 cultivated trees) and three natural French populations consisting of 26 samples ( Table 1 and Fig. 1) . In all populations except in Turkey, all mature individuals in the population were sampled.
DNA isolation
Leaves were stored at -20°C in a freezer untill DNA isolation, 50 µg of fresh tissue per sample were frozen in liquid nitrogen and ground in a grinding mill. Total DNA was extracted using the QIAGEN Plant DNeasy Mini Kit (Qiagen, Courtabeuf, France).
Microsatellite transfer and optimization
Using the GenBank database, we screened the family Lauraceae for already developed nSSRs. We selected and tested 16 dinucleotide microsatellite primer pairs from the avocado Persea americana Mill. (SHARON et al., 1997; SCHNELL et al., 2003) and the pondberry Lindera melissifolia Walt. Blume (ECHT et al., 2006) . After screening, five primer pairs were usable for our study as they showed DNA amplification consistency. However, LmSI027 appeared monomorphic across all samples. Thus, we used for analysis four microsatellite loci listed in Table 2 . Optimization was performed by using a touchdown PCR procedure as indicated below.
Sizing of PCR products
PCR amplifications were carried out using a PTC-100 (MJResearch, Inc.) thermal cycler in a total volume of 20 µL. Reactions using "Lindera" primers contained 5-10 ng of genomic DNA, 0.2 mM of each dNTPs, 2 mM of MgCl 2 , 1 nM of each primer, 1x reaction buffer (Promega -5x buffer) and 0.1 U.µL -1 of GoTaq polymerase (Promega). Those using "Persea" primers contained 0.25 ng.µL -1 of genomic DNA, 0.25 µM of each dNTPs, 1.5 mM of MgCl 2 , 0.25 µM of each primer, 1x reaction buffer (Promega -5x buffer) and 0.025 U.µL -1 of GoTaq polymerase (Promega).
For the AVAG03 primers, touchdown PCR conditions were as follows: 4 min at 94°C as the initial denaturation step, followed by 33 cycles of 30 s at 94°C denaturation, 1 min at 60°C decreasing 0.5°C per cycle and 1 min extension at 72°C, with a final extension step of 72°C for 8 min. For the AVAC01 primers, the standard PCR profile was as follows: 4 min at 94°C as the initial denaturation step, followed by 33 cycles of 30 s at 96°C denaturation, 1 min at 48°C and 1 min extension at 72°C, with a final extension step of 72°C for 7 min. For the "Lindera" primers, PCRs profiles were identical to those described by ECHT et al. (2006) .
After amplification, PCR products were mixed to a loading buffer (98 % formamide, 10 mM EDTA pH 8.0, 0.1% bromophenol blue, 0.1% xylene cyanol and 10 mM NaOH), heated 5 min at 95°C and then set on ice. Amplification fragments were electrophoretically separated on a 6 % polyacrylamide gel and stained using silver nitrate (RAJORA et al., 2000) . To avoid possible scoring and mistyping errors, each PCR product was genotyped twice on different gels and electrophoretic profiles were scored 3 times by 3 different people.
Statistical analysis
As loci were transferred from related species and not designed specifically for Laurus nobilis, we expected the presence of null alleles (ODDOU-MURATORIO et al., 2009) . We used the software MICRO-CHEKER (VAN OOSTER- HOUT et al., 2004) to test for the presence of null alleles in all our populations. Allelic frequency, allelic richness and population structure estimates (F is , G st , D st , pairwise differentiation tests) were calculated using the FSTAT program (GOUDET, 1995) . Significance of differentiation estimates was tested by performing 1000 randomizations (genotypes among samples) as implemented in FSTAT. The program POPULATIONS (http://bioinformatics.org/~tryphon/populations/) and mean pairwise genetic distances (NEI, 1987) were used for constructing a dendrogram using the UPGMA approach. Significance of tree topology was assessed with 1000 bootstraps over loci. The dendrogram was plotted using program TREEVIEW (http://taxonomy.zoology.gla.ac.uk/ rod/treeview.html). The analysis of molecular variance (AMOVA) procedure was accomplished using GENALEX and two different estimates of differentiation, F st and R st (PEAKALL and SMOUSE, 2006) . We also conducted a Principal Component Analysis (PCA) using GENALEX based on NEI (1987) genetic distance computed from nuclear SSR frequencies. Finally, we tested the existence of a correlation between genetic diversity and geographic distance using a Mantel test as implemented in GENALEX.
Results
Microsatellite polymorphism and genetic diversity within population
Four microsatellites gave reliable amplification products differing by either two bases or multiples of two for each allele. As these 4 loci were shown to be dinucleotidic repeat types in avocado and pondberry (SCHNELL et al., 2003; ECHT et al., 2006) , we considered that they also were dinucleotide nSSRs in L. nobilis. We never detected any double null-homozygotes, which suggests that there are actually no null alleles in our data set. This was confirmed by the output of MICRO-CHECKER.
The total number of alleles at the 4 loci was 36 and varied from 2 (AVAC01) to 17 (LmSI002) with an average of 9 alleles per locus ( Table 2 ). All Algerian, French and Tunisian populations were fixed for one allele in AVAC01 whereas Turkish populations were fixed for the other allele. Mean total genetic diversity (H t ) was 0.738 and mean within-population diversity (H s ) was 0.558. Mean allelic richness per population (R) varied from 2.00 to 3.86. Number of alleles and gene diversity per locus in Laurus nobilis were not correlated to those found in the species for which the microsatellites had been originally designed ( Table 2) .
Except for population F3 where two individuals carried identical genotypes, all individuals in the spontaneous populations were made up of different genotypes, i.e. not derived from each other by vegetative propagation. There was a significant heterozygote excess denot- Table 2 . -Microsatellite loci and primers used in the analysis of Laurus nobilis L. populations. *** as described by ECHT et al. (2006) . *** as described by SCHNELL et al. (2003) . *** not used for analyses. ed by significantly negative F is observed in all the spontaneous populations, except for F3, and none in planted populations ( Table 3) .
Among population gene diversity
Mean diversity among populations, D st , was 0.179. The proportion of gene differentiation residing among populations was significant (G st = 0.243, p < 0.001). G st among western Mediterranean populations (excluding Turkey) was 0.108 (p < 0.001). All pair-wise differentiation tests among western Mediterranean populations (France, Tunisia and Algeria) were non-significant, as was the only test that could be performed between the two Turkish populations. However, all pair-wise differentiation tests were significant when they compared a western Mediterranean population with a Turkish population (data not shown). The UPGMA dendrogram identified two significantly different phylogenetic groups supported by strong bootstrap values, one including samples from France, Tunisia and Algeria, i.e. western Mediterranean and the other including two populations from Turkey i.e. eastern Mediterranean (Fig. 2) . Within the western Mediterranean, bootstrap values were lower, except between the Tunisian population and one French population.
The AMOVA procedure on allele frequencies indicated that 33 % of the total variation occurred among the eastern (samples from France, Tunisia and Algeria) and western (the two populations from Turkey) Mediterranean groups, 5 % was among populations within regions, and 62 % remained among individuals within populations (significant F st , p < 0.01). When microsatellite length was taken into consideration, differences among populations within regions became non-significant, and the total genetic variation (significant R st , p < 0.01) was due to between-region (31%) and amongindividual within-population (69 %) variations. Table 3 . -Gene diversity per locus and population (H), overall mean expected heterozygosity (H s ), mean number of alleles (A), mean rarefied allelic richness (R) based on a minimum sample size of 4 diploid individuals per population and within population estimation of departure from Hardy Weinberg equilibrium (F is ). **: significant at the 5 % confidence level. **: significant at the 1% confidence level. ns: non significant. H s was calculated using GenAlEx. Table 1 for population codes) and 1000 bootstraps over loci. Numerical values at nodes represent the significance (in percent) of the topology.
The population structure identified from the PCA is shown in Figure 3 . Loadings of NEI (1987) genetic distance on the first six PC axes are reported in Table 4 . The first two PC axes accounted for 65.82 % and 17.72 % of the total variation, respectively. They clearly separated two main groups of populations: one included samples from France, Tunisia and Algeria, i.e. western Mediterranean and the other included the two populations from Turkey i.e. eastern Mediterranean. When populations were regrouped into 3 "super-populations" (Turkey, North Africa and France) to increase sample size, the first PC axis accounted for 93.55 % of the total variability.
There was a significant correlation between genetic distance and geographic distance (Mantel test, r 2 =0.822, p-value = 0.030, data not shown) when all populations were considered, although this correlation was due to the existence of two separate groups of points (within the eastern and western Mediterranean groups on the one hand, and among the two groups on the other hand). Allelic richness was not significantly different between the eastern (R = 3.678) and western (R = 3.034) Mediterranean population groups. It was not significantly different between North Africa (R = 3.124) and France (R = 2.974).
Discussion
We optimized a new set of 4 polymorphic nSSRs for Laurus nobilis, which can be used for population genetic studies in L. nobilis in addition to already available chloroplast SSRs (WEISING and GARDNER, 1999) and AFLPs (ARROYO-GARCIA et al., 2001) . The transferability of nuclear SSRs from the two Lauraceae Persea americana and Lindera melissifolia to Laurus nobilis is 31.25 % (5 loci out of 16 although one is monomorphic). This rate remains low in comparison to other angiosperm species. For example, GLAUBITZ et al. (2001) were able to transfer six dinucleotide microsatellites to Eucalyptus symphyomyrtus from eight developed in E. sieberi (transferability of 75 %). SOTO et al. (2003) were also able to transfer six microsatellites to the two oak species Quercus ilex and Q. suber from eight developed in Quercus macrocarpa and Q. petraea. However, as allelic and gene diversities of original species were not correlated to values found in L. nobilis, primer selection in the original species should not bias genetic diversity parameters in L. nobilis.
Within population genetic diversity in L. nobilis (Mean gene diversity H t = 0.58, mean number of alleles per population A = 9) was comparable to that found in pondberry (H t = 0.61, A = 6; ECHT et al., 2006) and lower than that found for avocado (H t = 0.830, A = 18.8; SCHNELL et al., 2003) . Pondberry has a restricted distribution in fragmented patches, although avocado is widespread, but cultivated. Whereas no comprehensive review exists to our knowledge, gene diversity values found in angiosperm woody species typically ranged from 0.70 to 0.80 (e.g. Fagaceae, VALBUENA-CARABANA et al., 2008; Rosaceae, FARWIG et al., 2008; Leguminosae, LACERDA et al., 2008) . More generally, habitat fragmentation is associated with a reduction of genetic diversity within populations (KAWATA, 1997). Hence, low diversity in common laurel could be linked to ist fragmented and patchy distribution as well.
Heterozygotes excess was significant in all spontaneous populations except the one population where sample size was smallest (N = 2) and two individuals had the same genotypes. The existence of two identical genotypes within a single population is statistically unlikely and could indicate that Laurus nobilis uses vegetative propagation as a way to reproduce in natural conditions. An excess of heterozygotes may be an indication of selection against homozygotes, either because heterozygotes have better fitness at linked loci or because of purging of deleterious alleles (HANSSON and WESTERBERG, 2002) , as often suggested in forest trees (e.g. LEDIG et al., 1983) .
The proportion of genetic differentiation residing among Laurus nobilis populations in our study (G st = 0.243), is in the higher range of values found for angiosperms. PETIT et al. (2005) reported that average Table 1 for population codes). Marzouki et. al.·Silvae Genetica (2009) 58-5/6, 270-276 angiosperm G st for bi-parental nuclear markers was 0.184. In L. nobilis, more than 30 % of the genetic variation is found between eastern and western Mediterranean populations. Although our sample size is quite low, our data point to the existence of at least two different gene pools in the Mediterranean, rather than to an isolation-by-distance mechanism (although the result of the Mantel test was significant), thus confirming the results of RODRIGUEZ-SANCHEZ et al. (2009) . L. nobilis is an ancient element of the Tertiary Mediterranean flora, with typical tropical-like ecological requirements, and has since receded to small and isolated patches of forests with suitable high temperature and humidity conditions throughout the Mediterranean (QUÉZEL and MÉDAIL, 2003) . Its population groups have thus possibly been separated for thousands of generations, for which our genetic data can be a plausible signature. However, eastern Mediterranean populations did not demonstrate higher gene diversity than western Mediterranean ones, as found for conifers and attributed to the paleo-climatic events of the latest glacial cycle (i.e. colder climate in the western than in the eastern Mediterranean, FADY, 2005) . Additional populations would be needed to verify if this result indicates an equally reduced ecological niche on both sides of the Mediterranean Basin during the Late Glacial Maximum or current particular environmental conditions (e.g. local human impact). Additional populations, including Laurus azorica, would also be needed to verify if the high level of differentiation measured between eastern and western populations indicates ongoing speciation.
Laurus nobilis is not described as native to North Africa (QUÉZEL and MÉDAIL, 2003) . The very close genetic proximity between our North African and French samples could be an indication that they all derive from north-western Mediterranean populations, and not from eastern Mediterranean populations. Although not tested here, an Iberian origin for the North African germplasm seems unlikely, as differentiation between Iberian and French-Italian material was found to be very high by ARROYO-GARCIA et al. (2001) . A likely origin for our North African material could thus be either France or (/ and) Italy. However, this does not provide any indication as to when L. nobilis may have been introduced into North Africa, as trade routes between the Western Mediterranean and North Africa were frequent over the centuries. Considering the low, non significant level of differentiation between French and North African samples, and the fact that the North African material does not appear bottlenecked (no significant difference in allelic richness between French and North African material), it is possible that introductions from different populations occurred repeatedly throughout history.
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